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ABSTRACT

The lifetime of the 6s6p, 6s7p, and 5d6p 1P1
jevels of barium have been determined from the full width
at half height of the Hanle resonances of thése levels. The
resonances were observed using the transitions from the levels
to the ground level 652 ISO. The oscillator strengths of transitions
from the levels have been obtained from the lifetime using the
branching ratios given by Penkin and Shabanova (1962) and

Ostrovskii and Penkin (1960). Results are;

T 6s6plPy 8.37 + 0.14 x 107% s

T 6s7piP; 13.2 + 0.4 x107% s

t  5déplPy 12,22 + 0.10 x 1079 s
£(5535) 6§6p1P1 - 6s2 15, 1.59 4+ 0.1
£(3072) 6s7piPy = 6s2 15, 0.12 + 0.05
£(4726) 6s7plP; - 6s5d1D, 0.09 + 0.04
£(3501) 5d6piP; 6s2 13, 0.10 + 0.02
£(5826) 5d6plP; 6s5d1D, 0.19 + 0.04

Ostrovskii, Yu., I. and Penkin, N.P. 1960, Optics
Spectrosc. 9, 371.

Penkin, N.P. and Shabanova, L.M. 1962, Optics
Spectrosc. 12, 1.
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CHAPTER I INTRODUCTION

Over the past 100 years optical spectroscopy has provided
a great deal of information about atomic structure and in addition has
provided important experimental tests of the theory of the atom.
Balmer's discovery in 1885 of the relationship between the wavelengths
of the series of lines in the hydrogen spectrum that now bears his
name can, somewhat arbitrarily, be considered as the beginning of optical

spectroscopy.

Shortly after this Zeeman (Zeeman 1897, see Van Heel 1961)
published his observation of the effect of a magnetic field on the
width of one of the sodium D lines, and, in 1905 Wood (1905) showed
that the D lines of sodium could excite D line fluorescence in sodium
vapour. Followiﬁg the discovery of the polarization of the 2537 R
resonance fluorescence of mercury by Rayleigh in 1922, Wood and Ellet

(1922) showed that a small magnetic field could change or destroy

this polarization, and in 1924 Hanle was able to explain this depolarization

of resonance radiation in terms of the Zeeman effect of the excited

atomic level. This effect is now called the Hanle effect.

This early work on the Hanle effect, and on resonance
radiation in general, is discussed by Mitchell and Zemansky (1934)
who describe several Hanle experiments designed to measure the mean
1ives of excited atomic states and who give still-useful discussions
of many experimental details. The early experimenters faced difficulties:

for example the intensities of different polarization components could



only be measured photographically or with what would now be rather

poor photocells, and the method fell into disuse.

In 1949 Bitter (1949, 1962) suggested that magnetic
resonances in optically excited atomic states might be detected
optically but his arguments were shown to be false by Pryce (1950).
However, shortly after this Brossel and Kastler (1949) suggested
that the effects of induced transitions between the sublevels of
an excited state might be detected, and the first double resonance
experiment was performed by Brossel and Bitter (1952) in 1950. This
experiment stimulated much work in optics and many atomic parameters

were measured and studied using the double resonance technique.

In 1959 Colgrove, Franken, Lewis, and Sands (1959)
accidentally discovered that under certain conditions interference
effects between the different polarization components of resonance
fluorescence could be observed when two energy levels become degenerate
under the influence of a magnetic field. Such level crossing
experiments have become important in atomic spectroscopy. The Hanle
effect is the special case of a le§e1 crossing that occurs when the
Zeeman states of a level become degenerate at zero field. Several
recent review articles discuss the uses of level crossing, Hanle
effect, and double resonance experiments in studying atomic and
molecular systems; for example Bu&ick (1967), ZuPutlitz (1965, 1969),

Happer (1968), Series (1959, 1969).



Atomic barium has a 6s2 180 grbund level. Since J =0
there is no hyperfine structure in this ground level and to obtain
information about the nuclear moments it is necessary to study the
hyperfine structure of the excited levels. As well as the interest
in an accurate knowledge of the nuclear moments the structure of
the excited levels are of interest because small departures from
LS coupling lead to small splittings of the lp jevels whereas none
is expected for pure LS coupling. Breit and Wills (1933) have
discussed the general theory of hyperfine structure in intermediate
coupling while Lurio, Mandl, and Novick (1962) have given the second
order hyperfine and Zeeman corrections for an sp configuration
while Lurio (1966) had discussed the importance of configuration
interaction. The nuclear hyperfine splittings and isotope shifts
of many of the barium energy levels are small and give rise to
hyperfine structure that is of the same order of magnitude as the
room temperature Doppler width of the spectral lines joining the
levels. Consequently ,if the Doppler width is not reduced by some
experimental technique the small hyperfine splittings can not be

observed.

The hyperfine shifts between the seven different isotopes are
of interest because of the unusual changes that occur as the
number of neptrons changes. A number of investigators have studied
these shifts using atomic beams, in both emission and absorbtion,
to reduce the Doppler width while obtaining the required resolving

power with conventional or spherical Fabry-Perot etalons: references

4



to earlier work are given by Kelly and Tomchuk, (1964), Jackson

and Duong (1966) and Fisher and Huhnermann (1969).

Jackson and Duong (1963) also measured the hyperfine
structure of the odd iéotopes 135 and 137 using high resolution
spectroscopy and obtained values for the magnetic and quadrupole
coupling constants. The accuracy of their results was quite good -
even though the structure of the line studied (652 1s0 - 6s6p 1P1,
5535 g) was poorly resolved despite their use of separated isotopes
(to eliminate problems with isotope shifts) and absorbtion by an
atomic beam with a high collimation ratio (55:1) to reduce the

Doppler effect.

Prior to this work Bucka, Kopfermann, and ZuPutlitz (1961)
had obtained the magnetic and quadrupole coupling constants of the
6s6p 3P1configuration of the odd isotopes using the double resonance
method at zero magnetic field. A full account of this work appeared
in 1963 (ZuPutlitz 1963). The precision of the double resonance
method is greater than that of high resolution spectroscopy and
this work with barium serves as a typical example of the increase
in accuracy that can result from measuring the hyperfine structure
directly, rather than measuring the small separations between the

components of a spectral line.

The double resonance method was also used by Bucka and
Schussler (1961) to measure the 2y value of the 6s6p 1P level
while Bucka and Nagel (1961) used the same method to obtain the

lifetime of the 6s6p 3P; level. Hulpke, Paul and Paul (1964)
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obtained the lifetime of 6s6p 1P1 level by the phase-shift
method, in which the phase shift between modulated resonance
radiation incident onto a cell containing scattering atoms, and
the resonance fluorescence emitted by the atoms, is measured?

and can be related to the lifetime of the level.

The first Hanle experiments on the 6s6p 1Pllevel
were performed by Lurio (1964) who obtained the lifetime of
the level and also the magnetic coupling constant A(lPl) of
the 137 isotope from the position of the level crossing that
occurs at about 150 G. These results were extended (Swagel
and Lurio 1968) to include a redetermination of the g5 values
of the 6s6p 1p and 3P levels with greater accuracy than had

been achieved in previous work.

As the work described here was completed the results
of Ma, Lido and ZuPutlitz (1970)on the second excited !P level
became available; these authors obtained the lifetime of the
level from the Hanle effect, the 81 value from a double resonance
experiment, and the nuclear moments of the 135 and 137 isotopes

from level crossing experiments.

The study of the energy levels themselves is important,
but, in addition,the transitions between the levels are of
interest as accurate values of the oscillator strengths of most
lines are lacking. Miles and Wiese (1969) have recently
critically evaluated the available data and give references to

earlier work. Lifetimes obtained from Hanle effect experiments
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provide an important test of these earlier results and in
fact the whole of Miles and Wiese's results depend on the
lifetime of the 6s6p 1P1 level for a reliable translation

from relative to absolute oscillator strengths.

The work described here was undertaken to obtain
further information about the lifetime of the lp 1evels of
barium and the oscillator strengths of transition from these
levels. Fipure 1 is a partial energy level diagram of barium
showing the relevant lines and levels. The spectrum of barium
was analysed by Russell and Moore (1955 ) and term energies

have been given by Moore (1958).




Fig.l Partial energy level diagram of barium showing the lines

and levels relevant to this work.
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CHAPTER II EXPERIMENTAL
INTRODUCTION

The general arrangement of the experiment apparatus
is shown in Fig; 2, Light from tﬁe hollow cathode lamp is
focused onto a beam of barium'atoms, which is produced by an
electrically heated furnace. The resonance radiation scattered
from the beam in a direction perpendicular to both the incident
lipht and the magnetic field is collected by a lens and focused
onto a photomultiplier. In the early éXperiments the required
line was isolated by an interference filter in each of the
input and output light paths, while in later experiments a
small grating monochromator in the output light path was used.
The light can be plane polarized by polaroid filters. The

magnetic field is supplied by sets of Helmholtz coils.



Fig.2 General arrangement of the experimental apparatus.
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OPTICAL SYSTEM

The optical system is built up using fused quartz
lenses and windows which have sufficiently high transmission
down to below the 2700 X required for the experiments. Polaroid
filters are used to polarize the input and output light when this
is required. TFor the ultra-violet lines type HNP'B is used;
this polarizer has a transmission of about 15-207% for the
allowed component and is usable down to about 2700 X, below
which the transmission falls quickly. For the lines in the
visible type HN38 is used; this has a higher transmission,
about 40% for the allowed component. Both polaroids transmit
less than 1% of the forbidden component . Use of a polarizer
improves the signal to noise ratio considerably despite the
high absorption and for this reason one is used even though
(for a suitable choice of experimental geometry) it is not

essential  to the observation of the Hanle resonance.

For the experiments with the 5535 X resonance
line an interference filter with a pass band (full width at
half intensity of the transmission curve) of about 50 R,
and a peak transmission of about 40%, effectively isolated
the line from all other lines emitted by the the lamp.

The interference filter used for the 3072 R experiments had
a pass band of about 230 R and a peak transmission of 25%.
After completing these experiments it was found that the

lamp was emitting the strong magnesium resonance lines at
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2852, 2803, and 2796 2. These lines were about ten times
brighter than the 3072 % 1ine even after passing through the
filter. These lines would not be resonantly scattered by the
beam, but they added a constant background to the scattered
light and contributed to a poor signal to noise ratio of the
3072 R experiments. Subsequent experiments using a pure barium

cathode in the lamp had a better signal to noilse ratio.

For the final experiments a grating monochromator
was used to isolate the required lines from the scattered
light. The monochromator has a working aperture of 5/3.6,
its focal length is 0.25 metre, and the pass-band can be

set by using different input and output slits.
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HOLLOW CATHODE LAMP

The barium resonance radiation is excited in a hollow
cathode lamp (Schuler 1926). The design of the lamp used in
these experiments is shown in Fig. 3. The lamp is made from
two standard conical glass joints and the anode is a thin sheet
of aluminium rolled into a hollow cylinder. The cathode is made
of copper for good heat conduction. This simple lamp design
gives lines of sufficient intensity and is gufficiently stable
in operation that the complication of a flow lamp as first
used by Cario and Lochte-Holtgreven (1927) and developed by
Budick, Novick and Lurio (1965) is not warranted. The discharge
is carried by an inert gas (neon) at a pressure of a few mmlg.
By bringing the anode close to the cathode so thgt their
separation is less than the length of the dark space the positive
column of the discharge is supresssed, and the negative glow
is confined to the hollow of the cathode. The ion bombardment
and sputtering action of the carrier gas produces the first and
second spectra of the cathode material as well as its own spectrum.
The pressure of the carrier gas is monitored with a discharge
gauge as precise control is not required. The gas handling
system is shown schematically in Fipure 4. A circulating
system (Tolansky 1947) is not used but a liquid nitrogen cooled
charcoal trap is used to clean the discharge, in particular
to absorb hydrocarbons introduced by the barium, which is
stored under kerosene. Initially a mégnesium cathode with
a small charge of barium was used: the action of the discharee

coats the interior of the hollow with barium and magnesium does
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Fig.3 Hollow cathode lamp.
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Fig.4 Gas handling system for the hollow cathode lamp.
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not sputter readily. However, it was found that the
magnesium I and II resonance lines at 2852, 2803 and 2796 )4
were strongly excited and interfered with the experiments on
the ultra-violet barium lines at 3072 and 2785 %. For this
reason the magnesium liner of the cathode was removed, a
short rod of barium forced into the copper cathode, and a
hole drilled in the barium to form the hollow. The dimensions
of the hole are 3/8" dia. by 3/4" deep in one lamp and 1/4" by

3/4" in another.

The spectra from the lamps recorded with the experimental

apparatus shown in Fig. 5 are shown in Fig. 6.

The theory of the hollow cathode lamp has been
discussed by Sawyer (1930), and by Gotmeister (1968); different
designs have been given by Tolansky (1947), Arroe and Mack

(1950) and Budick et al (1968) .

The current in the lamp is controlled by a simple
power supply; the output from a variac is rectified, smoothed,
then passed through a ballast resistor in series with the lamp.
The ballast resistor is necessary to protect the circuit from
the negative-resistance characteristics of the lamp as the
discharge strikes. Discharge currents between 100 and 300 mA

are used.

The light output from the lamp is stable once an

initial warm-up period has passed. For the first part of the




Fig.5 Apparatus used to record the spectrum of the hollow

cathode lamp.
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Fig.6 Spectrum of the hollow cathode lamp.
(1) red trace; lamp with magnesium liner and a charge
of barium.
blue trace; neon lamp with glass envelope.

(ii) lamp with barium cathode.
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work it was necessary to ensure that the light output
remained constant for periods of 10 minutes or more. It
was found that a current controller to maintain a constant
discharge current in the lamp was sufficient. The lamp is
cooled by an ice-water bath. Typical operating conditions
are; voltage drop across the lamp 250V, discharge current

100mA.




VACUUM CHAMBER

The design of the vacuum chamber as shown in Fig. 7

was chosen for the following reasons:

(1) The geometry of the input and output
light paths is such that the apparatus
can, if required, be placed between the

poles of a 5" electromagnet.

(2) The furnace has to be replaced frequently
and it is convenient to be able to do this
without dismantling the whole apparatus.

In addition the furnace tends to shed part
of its insulation in use and it is desirable

that this not fall into the diffusion pump.

The windows that allow light to enter and leave the
vacuum chamber must be shielded from the barium beam hecause barium
attacks quartz rendering it opaque. Randomly scattered light
must also be prevented from reaching the output window. A fault
in the design is thaf light from the furnace (usually red hot)
is easily scattered into the light input and output arms; it
would be better if both of these were at 45° below the horizontal

rather than 450 above.
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Fig.7 Vacuum chamber.
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The vacuum chamber or beam tube is made from sections
of brass tubing with hard solder on the permanent joints and
O-rings sealing the demountable joints. Brass was chosen because
it is non-magnetic and the vacuum requirements are not severe.
The windows were sealed onto the vacuum chamber with O-rings.
Beam stops in the beam tube collimate the beam and help prevent
barium reaching the windows. The diameter of the beam at the
scattering region is aboutl em and after passing the scattering
region the beam is condensed onto a liquid nitrogen cooled trap
or is allowed to condense on a blank flange that can replace the

trap.

" Diaphragms in the input and output arms help reduce

stray scattered light. The chamber is evacuated by a 4" oil
diffusion pump backed by a two stage rotary pump. With the
beam operating the residual gas pressure in the chamber is
about 1015 mmHg. The gettering action of the evaporated barium
helps offset the outgasing of the furnace. The oil in the
diffusion pump becomes contaminated quite quickly and must be

replaced frequently.

FURNACE

The final design of the furnace and its support is
shown in Fig. 8. The bodyfof the furnace is made from a 1"
diameter stainless steel rod with a 7/8" hole bored into it
(the diameter of the barium rods is 3/4"). The furnace is

coated with a thin layer of boron nitride (carborundum type S)



Fig.8 Furnace and support.
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and a bifilar spiral of nichrome wound onto it. The ends of
the winding are secured by wrapping them around screws insulated
with ceramic beads. A coating of boron nitride about 1/2 mm

thick is then applied to insulate and secure the winding.

Tt was found easiest to apply the boron nitride coating
when the furnace was hot: for the first coat this was done by
heating the furnace with a propane gas torch and for the second
coat by passing a current through the winding. The temperature
was kept a little above 100°C so that the water in the coating
evaporated quickly leaving a thin uniform layer to which another
layer could be applied. If several layers were applied without

throughly drying each one; all iéyers gquickly flaked off.

The furnace had a useful life of several days at
operating temperatures - dull red heat or about 600°C - and
was used until the chérge of barium was exhausted or the winding
burned out. In use the barium tends to penetrate the boron
nitride and attack the winding and so contribute to furnace

failure.

The bifilar winding is used to reduce stray magnetic
fields. Initially the power for the furnace was controlled
from the mains by a variac; subsequently a de supply was buile.
This supply consists of a variac, full wave rectifer, and some
smoothing. Typical operating conditions are: voltage drop
across the furnace 35V, current 12A. This amount of power

(circa 400 watts) gives a fairly dense beam of barium atoms.




This beam density was used during experiments using the final
signal averaging electronics when the lines 3072 and 3501 g
were being studied. Smaller power dissipation gave an adequate
signal for the stronger 5535 R 1ine and the final electronic
arrangement. The coherence narrowing of 5535 R indicates that
the highest density of the atomic beam was about 1010 atoms

per Cm3 °
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MAGNETIC FIELD

The steady magnetic field at the scattering region
is supplied by a pair of Helmholtz coils 40cm in diameter;
the coils are wound from copper strips. The coils were adjusted
to give a field uniform to one part in 5000 over a cube of
side 1". During the adjustments the field was measured with
a Rawson—iush rotating coil gaussmeter whose absolute accuracy
is 0.01% but whose differential sensitivity can be much greater
than this. The current in the Helmholtz coils is monitored
by measuring the voltage across standard 0.1 or 1.0 ohm resistors
in series with the coils with a digital voltmeter accurate to
0.02%. The resistor is immersed in an oil bath; the oil in
the bath is stirred and the power dissipated in the resistors
is small enough that heating the oil and consequent changes

in resistance can be neglected.

The gaussmeter was also used to obtain the current-
field relationship of the coils. Data from a typical calibration
run is given in Table I; the current field relation is essentially

linear over the range tested.

In addition to the main set of Helmholtz coils there
are three more sets of coils surrounding the scattering region.
Two of these sets of coils are used to cancel the two components
of the earth's field perpendicular to the field of the main

coils. The appropriate currents for these coils were determined




~ 26 -

TABLE I

Calibration of Helmholtz Coils

Volts across 0.1§ Field (Gauss)

+0.8006 +248.502
0.7006 217.439
0.6003 186.326
0.5001 155.232
0.4006 124.314
0.3009 93.361
0.2002 ' 62.117
-0.2022 = 62.753
-0.3007 - 93.349
-0.4005 -124.306
-0.5005 =155.359
-0.6004 -186.436
-0.7004 -217.446

Least squaresfit to a straight line gives:-

slope 31.0409 = 0.003 G/A
constant -0.0191 * 0.002 G

to take account of uncertainties in the Gauss
meter and in the voltmeter multiply variance
by two to give calibration of coils

31,040 * 0,006 G/A



by using a dip needle to determine the (straight-line)
relation between the residual field direction and the current
in the coils over a range of a few gauss about zero net field.
The final set of coils is concentric with the main Helmholtz
pair and has a diamefer of 30 cm; these coils supply a sweep
field to the scattering region. This variable field is used
to magnetically scan the system through the resonances. The

coils give about 18.736 G/A.

It is difficult to comstruct a power supply that will
pass tﬁrough zero current without some crossover distortion at
zero. Instead, the field of the main coils was set at -60G
and the field of the sweep coils varied from O to 120G giving
a net range of -60 to + 60G. The variation with time is a
symmetic triangular ramp with a period of about 1/2,1, 2, or
4 seconds. The field over the scattering region must be
sufficiently uniform that the band-width due to the inhomogeneities

is less than the natural width of the levels being studied.

Taking the lifetime of the levels as 10" ¢ seconds,

and using the Heisenberg relation

AE . At =7

and the shift in energy due to the Zeeman effect

AEZ = g

AR att
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then for gy = 1, my = 1 the field in-homogeneities must be

smaller than about 107 2G.

SIGNAL ANALYSIS

Experimentally the problem is to obtain the shape of
the Hanle resonance. This is obtained as a plot of the scattered
1light intensity against magnetic field. Two sets of electronics
were used to do this; the schematic layouts of these are shown

in Fig. 9,

In both methods the resonance radiation scattered
from the beam is focused onto an EMI 6256 B photomultiplier.
Single photon pulses from the photomultiplier are amplified,
then passed to a single channel analyser used either to isolate
the single photon peak or, more usually, to discriminate against

low energy noise pulses.

In the first method (Fig. 9 (1)) the output from
the single channel analyser is fed into a scalar. The shape
of the resonance is found by plotting the number of photons
scattered into the photomultiplier in a fixed period against
the magnetic field. The field is varied in steps from about
-60G, through zero, to +60G. A typical run contains between
60 and 100 points. The counting periods at each step are made
long enough to give good statistics and are between 1 and 10

seconds; it requires about 10 minutes to accumulate the data.




Fig.9 Signal electronics
(i) photon counting electronics.

(ii) signal averaging electronics.
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The light output from the hollow cathode could be kept constant
for this period of time, but difficulties were experienced with
gradual changes of the beam density. Since both coherence
narrowing and the magnitude of the scattered signal, depend

on beam density, only the data that showed a change in signal
intensity of a few percent, as reflected by a sloping baseline

was used in the analysis.

The second experimental set-up was used to overcome
the difficulty of changing beam density and also to increase the

signal to noise ratio.

One method of extracting information from noise is
to use a lock-in amplifer. The;e are several objections to
this. On what might be called philisophical grounds, there is
the objection that it does not seem sensible to convert the
single-photon pulses given by the photomultiplier to a dc signal
rather than use some technique that directly counts the pulses.
In addition it is necessary to supply an. oscilletiamg magnetic
field to the scattering region if magnetic scanning is used.
If the oscillating field has.a large amplitude the distortion
of the line shape this introduces must be allowed for.

Alternatively, if a small oscillating field is used to avoid

distortion the phase-syncronous signal is smaller.

To avoid the problems of a lock-in amplier the signal
averaging electronics shown in Fig. 9 (ii) were assembled. Using

this apparatus the system is magnetically scanned through the
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resonance in a time that is long enough that the shape of the
resonance is not affected and yet short enough that changes in
beam density are negligible and many swéeps can be made in a
convenient length of time. By adding the signals from subsequent
sweeps the random noise pulses tend to average to a uniform
baseline on which the resonant signal appears with its signal

to noise ratio improved relative to that of a single sweep.

1f N sweeps are made the signal to noise ratio is multiplied

by / N.

The time to sweep the magnetic field was a few
seconds while the counts were averaged over periods of a
few minutes to a few hours. The information from each sweep
is stored in-a multichannel analyzer; this is less expensive
than a signal averager proper, but has the disadvantage that
the size of the numbers making up the data increases constantly.
The photon pulses from the single channel analyzer are fed into
the coincidence imput of the analyzer, the address of which is
controlled by the magnetic field. The voltage across a standard
resistor in series with the ramp coils is applied to the direct
input of the analogue.to the digital converter of the analyser. A
photon pulse arriving at the coincidence input causes the analyser
to samplé the voltage on the direct input and store the count
in the appropriate channel. The standard resistor is immersed
in an oil bath, which is in turn in an ice-water bath to avoid
change in resistance with temperature. Because the count rate
at the Hanle peak is different to that in the wings of the

resonance the count rate is kept low to ensure that the dead-time



of the analyser is not important.

Rather than detect the change in signal size - or
shape - that occurs when the applied magnetic field is changed
the change in signal size with changing polarizer angle can also
be detected and used to improve the signal to noise ratio. The
geometries used for the experiments described in this work are
given in Fig. 11. If the output linear polarizer of Fig. 11 ({iii)
is oriented along the Y axis the output signal as a function
of magnetic field 1s a Lorentzian with the positive peak at
zero field. If the polarizer is oriented along the X axils the
output signal is an inverted Lorentzian., If the polarizer
rotates with angular frequency w the output signal will swing
from plus to minus with frequency 2w and this signal can be
detected with a phase sensitive detector. The same principle
can also be used with the geometry shown in Fig. 11 (ii) but
here the signal changes from the base-line to the inverted
Lorentzian peak as the polarizer angle chénges so the Synchronnﬁs
gignal produced by rotating the polarizer 1s correspondingly
smaller. Use of a rotating polarizer to produce a synchronous

signal is discussed by Handrick et al (1969).

The data given by the multichannel analyser is a
plot of light intensity against channel number rather than
against magnetic field and the full width of the Hanle resonance
must be converted from a number of channels to a magnetic field

strength in Gauss. As the field of the ramp coils varies from
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0 » 120G the analyser adds counts to channels 1 through 512.
The field at the scattering region is the sum of the field of
the ramp coils and the steady field of the main Helmholtz coils.
The calibratipn of the main coils is known. By varying the
current in the main coils the zero field point can be made to
occur anywhere in the 512 channels of the analyser. Using tlie
5535 2 line, Hanle resonances were obtained with the position of
the peak (zero field) at a number of different chanmnel numbers.
Suitable curves could be obtained in a few minutes, and the
results are given in Table II. Because only the width of the
resonance is required an absolute calibration is not necessary
and only the slope of the channel number to gauss relation is
needed. The points in the table were fitted to a straight line

using the method of least squares.

From both methods of collecting the data one obtains
a plot of the intensity of the scattered light against magnetic

field.

The direct method gives about 60 to 100 points while
the signal averaging method gives up to 512,'and typically

300 points.

In both cases the data is fitted to a Lorentzian
by a computer program run on the University of Manitoba
1.B.M. system 360. The program gives the full width at half
intensity and other parameters of the best fit, and allows for

a sloping baseline to the data. In addition the program plots
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TABLE IT

Calibration of Multichannel Analyser

Volts across 0.10 in
series with main coils

0.0834
0.1428
0.2004
0.2600
0.3174

slope of line 0.000 833 53 #

calibration of main Helmholtz coils 31.037 * 0.006 G/A

conversion factor 0.258 70 =

Channel number
of center of Hanle
resonance (from
fitting program)
108.51
180.65
250. 39
320.84

389.44

0.000 000 1

0.000 05 G/ch.
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on the line printer, a graph of the theoretical and experimental
counts against the magnetic field. This plot allows a visual
check against gross errors in the program, and gives some
indication of the scatter of the experimental points and the
symmetry of the fit. The program also plots a graph of the
difference between the experimental and theoretical points against
magnetic field. This plot is used to check on any systematic
errors in the data, and particularly to check whether any

dispersive component is present.




CHAPTER III THEORY
INTRODUCTION

When an atom is placed in a magnetic field the
energy levels are split into the various Zeeman states. The
Zeeman states of any level are degenerate at zero magnetic
field. If fine or hyperfine structure is present there‘is the
possibility of two states of different levels crossing, and
becoming degenerate, at a non-zero magnetic field. When
resonance radiation is scattered from such a system there
can be a spatial redistribution of the scattered light at
these degeneracies. These resonances can be observed if one
component of the resonance fluorescence is monitored as the

system is swept through the degeneracy.

When the coupling between the two crossing states
is due only to the external perturbation (in this case the
magnetic field) the degeneracy is called a level crossing. When
there is some»internal interaction between the two states, the
degeneracy is called an anti-level crossing because the internal

coupling will prevent the two states from actually crossing.

Tn order to observe the . level crossing, light in one
eigenstate of polarization must be capable of stimulating
transitions from some initial state to both of the two crossing

states. In addition, these two states must be able to decay
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to some common final state, not necessarily the initial state

- as shown in Fig. 10.

The effect is similar to a two slit interference
experiment in that there are two paths for the atom to follow
in going from the initial to the final state and the interference
~ effects this introduces lead to a redistribution of the scattered

radiation.

The width of an energy level is inversely proportional
to the lifetime of the level. Consgguently level crossings of
Zeeman states take place over a range of magnetic field and the
width of the observed resonance, measured in terms of the magnetic

field, depends on the lifetime of the level.

THEORY OF THE HANLE EFFECT

Many features of the interaction of radiation with
an atom can be successfully explained in a classical or semi-
classical manner (see for example Franken 1969). For the Hanle
effect, Happer (1968) has pointed out that quantum mechanics is
necessary only if hyperfine structure is present or when two

or more fine-structure multiplets are nearly degenerate.

The geometry of the experiments discussed in this
work is shown in Fig. 11. A dipole, considered as a classical

damped oscillator, at the origin of the coordinate system is




Fig.1l0 Energy level diagram pertaining to a level crossing

experiment.



- >
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excited by plane polarized light incident alonp the X axis,
with the electric vector of the light in the X-Y plane

(Fig. 11 (11)). 1In the absence of an external magnetic field
the dipole oscillates along the Y axis and no lipght is emitted
along the Y axis. In the presence of a magnetic field in the

Z direction the dipole will rotate with the Lamor precession

) My H/h, about the Z axis. Then, there will be some

L~ 8]
component of the dipole perpendicular to the Y direction and

light will be emitted in the direction of the Y axis.

1§ the field is strong enough to rotate the dipole
several times before its energy is dissipated then the
emitted light will be depolarized. A rapidly damped oscillator,
i.e. one with a short lifetime, will require a larger field to
depolarize the radiation than a more slowly damped one. The
width of the Hanle signal will thus be proportional to the
reciprocal of the lifetime, and the classical model can be

used to predict the relation between the two.

Hanle (1924) was the first to give a theoretical
explanation, based on the Zeeman effect, of the depolarization
of resonance radiation arising from this zero field level

crossing, or, as it is now known, the Hanle effect.

The general theory of the scattering of resonance
radiation was developed by Weisskopf (1931) and by Breit (1933)

in his review article 'Quantum Theory of Dispersion' in which
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level crossing theory is given implicity. More recently the

theory has been put into forms more directly useful for atomic
spectroscopy by a number of authors, in particular by Franken
(1961), and by Rose and Carovillano (1961), while deZafra and

Kirk (1967) have given a simplified discussion.

The interaction of resonance radiation with an atom can
be conveniently developed by treating the radiation field
semi-classically (see for example Heitler 1954). Following
the references cited above we can apply time dependent
perturbation theory to a system made up of a sample atom and
resonance radiation produced by the decay of a source atom.

The rate at which radiation is absorbed and re-emitted ~-- i.e,
scattered -- as the excited energy levels are made to cross can

then be found.

In fig. II we consider the sample atom at the origin
of the co-ordinate system. The state of the atom is represented
by the ket |[p> where p labels the magnetic quantum number
of the Zeeman state. 1Initially the sample atom is in the
ground state m, while the source atom is in an excited state

u. For times t < 0 the wave function of the sample atom is




Fig.1ll Geometry of the Hanle experiments.
(i) general case.
(ii) geometry used for experiments on the 6s6p
and 6s7p lp jevels

(1ii) geometry used for experiments on the 5d6p 1P level.
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The source atom decays from the excited state |[u>
to the ground state |m> and emits a photon of frequency w
where w = (Eu - Em)*ﬁ + 6w and Sw accounts for the Doppler
motion of the atom and possibly for other effects such as
pressure broadening. The electric field of the light can
be represented by

E = E%-f exp (—iwt - yt/2)

where f is the polarization vector of the field, yis the
reciprocal lifetime of the excited level of the source atom,

and E,/2 is the amplitude of the field.

At time t = 0 this radiation from the source atom
is incident on the sample atom. For times t>0 the wave
function of the sample atom is then a superposition of states,

Y > = E au(t)l ﬁ > + bm(t)|m> , and in a first order
calculation (i.e. the electric dipole or long wavelength
approximation) bm(t) is unity at all times and the a's are

given by:

exp (i (wy—w)t-At)-1
i(wu—w)—A

a (c) = -g—f—% . <ulfer o exp(—% "6 )E)
In this expression T is thevreciprocal lifetime of the excited
state p of the sample atom, and A = %-— gu The energy of the
stimulated transition of Eﬁ - Em =‘6mu, and r is the radius

vector of the electron. that interacts with the photon (see

for example Davydov 1965, p. 296, Heitler 1954, p. 196).
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The wave function of the atom is (in principle) now
known, and the instantaneous rate of spontaneous emission of
a photon of polarization g, as the sample atom decays to the
state |m'> is, in the dipole approximation,

R(f, g, t) = l <W]é.£|m'>lz

This expression gives the probability of a single
sample atom emitting a photon of polarization é after the atom
is illuminated with a photon of polarization E produced by the
decay of a source atom. To obtain the total rate of scattering
this expression must be integrated over all times, integrated
over the frequency spectrum of the incident photons, and summed
over all the initial and Einal égates of the sample atom.

To ensure coherent excitation of the two excited states
]u> and |u'> of the sample atom that are involved in the summation,
the frequency spectrum of the exciting light must extend over the
range (—Em + Euz/ﬁ to (—Em + Eu,)/ﬁ at least in the neighborhood
of the level crossing. TFranken (1961) and Dicke and Wittke
(1960, p. 336) have discussed the equivalence of excitation of
the sample atom by light having a broad frequency spectrum when
this broad spectrum is the result of the decay of a single source
atom having an infinite y (the pulse excitation of Breit), or
the result of the superposition of many incoherent wave trains
each having a width y but separated in frequency by the Doppler

effect to give a resultant wave having a broad frequency spectrum.
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The photon incident on the sample atom comes from
a lamp containing many atoms that are the same as the sample
atom. The light (or more correctly the electric field of the
light) given out by the decay of any one of these atoms can
be represented by the equation given previously. The effect
of the incoherent superposition of the light from many atoms
will be to give the light some frequency spectrum centred on
the frequency of the transition, wu = (Eu - Em) h, and
extending about this frequency because of the Doppler
broadening and the natural lifetime of the source atoms,
and it is a good approximation to assume that white light

is incident onto the sample atom.
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Even without Doppler broadening,

the "white-light" approximation is a good one in the absence of

hyperfine structure. The natural width of an energy level,AEn,

is related to the lifetime of the level, T , through the Heisenberg

uncertainly relation,

AE .T =R
n

The Zeeman splitting of a level is

= 1
AEz gJ uo}

and the Hanle signal has its half maximium at a field

By, = /(gm0 1)

and in the wings of the resonance the relation

will hold. The natural width of the source energy level is
thus sufficient to ensure that the frequency spectrum of the
incident light extends over the energy leQels of the sample
atom for the magnetic fields used in a Hanle experiment. The
Doppler width is usually ﬁuch greater than the natural width.
The integration over the frequency spectrum can thus be taken

between plus and minus infinity.
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When the integrations and summations are carried out
one obtains the Breit formula;
fu|m fmu gu'm‘ gm'u

I' + 1w(uu')

R « const, I
v ' oo’

where w(up') = wu - mu,= (Eu - Eu,)/h and fmu = < mlf.EJu >,
The proportionality constant will depend on the intensity of the

incident light and the density of the scattering atoms. The formula
applies only in the limit when both of these are small.

The general features of a level crossing, or Hanle resonance,
can be seen by considering the form the Breit formula takes in the
simple case of a single ground state, m, and two excited states
¢ and p'. The level crossing occurs when EU = Eu,, and the summation
reduces to just two terms,

AL

A
R ny + Uy

I + iw(uy') T + iw(u'u)

*
1

%
where in general Auu' =35, £, £ g ' gm‘u and Auu, = A

mn' u'm Tmp Cu'm u'u

This can be re-written as,

% ® ’
+ - A E -E h
At Gy - k0L, - B

2 - 2
1+ [(Eu - Eu')/h] 1+ [(Eu Eu')/h]

and the form the expression takes will depend on the directions and
orientations of the polarization vectors through the dipole matrix

elements contained in the Au ¢ e

i

If Auu, is real the second term is zero and the first gives a
Lorentzian or inverted Lorentzian shaped signal. If Auu' is
imaginary the first term is zero and the second gives a dispersion

shaped signal. In general the signal is some combination of the two.
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It is interesting to note that in the important paper
of Franken (1961) an error of sign occurs. The only effect of
this is to change the sign of the dispersive shaped term.
Usually this term is made zero by a suitable choice of geometry
so the mistake went unnoticed until Stroke et al (1968) pointed
out that the sign of the second term depends on the ordering of
the levels u and u' Examination of the sign of the dispersive
term thus allows the order of the energy levels and hence the

sign of the interaction constants to be determined.

A number of authors have given general expressions
for the form of the level crossing signal; for example, Stroke
et al (1968), Lurio, deZafra and Goshen (1964), Fry and Williams

(1969) .

For most of the Hanle experiments described in this
work the geometry is as shown in Fig. 11 (i1), or in Fig. 11 (1)
with 8 = 08' = ¢' = 90°,¢' =0, and & = 90°. No polarization
analyser is used in the output arm. Some experiments were also
done with the 90 - 90 - 90° geometry of input, output, and magnetic
field directions but with no polarizer on the input arm, and some
by observing the light emitted along the Z direction, with a
polarizer on the input arm and an analyser in the output arm set
to pass light with the electric vector either along the X axis

or alternatively along the Y axis.

For the even isotopes of barium the ground state,
652 ISO, has only the single Zeeman state m =(. The 1P1 levels

6snp 1P1 n= 6,7,8, have three Zeeman states m = 1, 0, -1. There
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are then nine terms in the summation for R. The Zeeman splitting
of the lP states is,

D o= { ==

Eu 8 Mo s mu vhmu s !

and the expression

for R can be written as, ' T

£, £ .11 8 v
R o Eu‘ p'm mu Cu'm Cmy
o 1+ ZTr'rv(mu - mu,)
where T = 1/T .
The nine terms are then,
R « £ f 4 f f + f f
10 01 g10 g01 00 00 g00 gOO =10 071 g"10 g0"1
£ £ £ f Y f f '
4+ 10 60 gOO 501 - 10 .07 g"10 PlO 4 00 01 g]0 gOO
1 ~ 2wiTv 1 - 4witv 14 2ritv
f f f f f f
4- 00 01 g"‘lO gOJ) o+ —10 _ 0] g?@ gO"‘ZL 4 ~10 .00 g00 g0_1 .
1 - 27iTV 1 + 4miTv 1 4 2nitv

The required matrix elements are given by Condon and Shortley

(1963 p63) and are,

v

- 1 PP -
£ = * vz Ll 131 <[lell> = £y

£ £.x< el l>
where i j k refer to the

A

unit triad, < I‘r||> is the reduced matrix element, and f and g are

the input and output polarization directions respectively. For

~

the geometry used £ = j and since no polarizer is used in the

output arm the contributions of the two perpendicular components

g = k and i, must be added. The reduced matrix elements can

be included in the constant.
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The terms of the sum can be split into three groups
characterized by the change in the magnetic quantum number,
Am = 0,1, and 2. Using the angles shown in Fig. 11 (i) and

the polarization directions described above these three groups

are,
Am= 0 2 - sin?e’
Am =1 0

Am = 2 {sin26" cos2(¢-6")} / { 1 + x?}

4+ { x sin20' sin2(6-6")} / { 1 + x2}
where x = ZgJ uoH A,

When the incident light is plane polarized with the
electric vector in the X-Y plane (as shown in Fig. 11 (ii)) the
Hanle resonance is due to the Am = 2 terms only. This result

has a simple semi-classical explanation.

The plane polarized light can be considered as the
superposition of two contra-rotating circularly polarized beams.
One of these carries a component of angular momentum +1 the
other -1, and there is a definite phase relation between them.
The mJ=w+1 and my = -1 Zeeman states are excited coherently and

when these two states are separated by less than their natural

widths interferénce effects are possible.

For the 90-90-90 geometry used in our experiments the
expression for the rate of absorbtion and subsequent emission of

the polarized resonance radiation is the sum of the three



- 48 -

terms for Am = 0, 1, and 2:

1

R « const.( 1 - 1 + (2TgJu°H/T)‘ )

The constant of proportionality depends on the number of
incident photons, the number of scattering atoms and the
oscillator strength of the transition. In practice, the signal
will also depend on the solid angles subtended by the detector
and by the exciting lamp; Budick (1967) has given estimates of
the signal strength for double resonance and level crossing
experiments and he suggests that in the level crossing case

the resonant signal may be only 15% of the non-resonant one.

The expression derived above is valid only when the

probability of absorbtion and subsequent emission is small.

If no polarizer is used on either the input or
output directions the effect is to double the constant or field
independent contribution (for the 9dl9dl96)geometry). Classically
the explanation is simple; a dipble excited along the Z direction
is not affected by a magnetic field in the Z direction. The
intensity observed along the Y axis is then the sum of this

constant contribution plus that due to the dipole in the X-y plane.

For the geometries used in all experiments whose
results are used the shape of the Hanle resonance is an inverted
Lorentzian; for these resonances if the full width at half

maximium of the curve is AH, then the lifetime of the level
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is given by,
1/t = M, 83 AH/h
and to obtain the lifetime the

By value of the level must be known.
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DEPARTURES FROM THE IDEAL CASE: THE EFFECTS OF GEOMETRY,
ODD ISOTOPES,AND COHERENCE NARROWING.

In obtaining these results it has been assumed that
the incident and scattered angles are exactly 90°, 1In fact light
is collected over small solid angles about these directions and
what is observed is not the expression given but its average over
small solid angles centered on the ideal 90-90-90 geometry. Fry

and Williams (1969) show that if the angles range over the small

amounts (refer to Fig. 11 (1)),

[o] o]

8 90° %y 6' 90° + &
6 + a 6" 90° + B
R = 2a. 28 .3+sin?8 _ 1
sin20 sin 2B  3-sin%$ 1+ (ZgJUOH/h)Z

In the limit o,B,v,6,>0 this tends to the previous
result. TFor finite angles the first term in the above expression
is greater than one; at zero field the signal is thus not zero and
a field independant background has been added.to the signal. The
shape of the resonance is not affected. For the experiments

described, the lenses used have a diameter of 2.5" and a focal




length of 10"; they therefore collect light over a cone of
half angle 0.125 radians. This adds 3% to the background.
Departure of the scattering angle from 900 can also introduce
a dispersive component into the signal. As an approximation

the expression for R can be written

Re { 1 -

If the departure from the ideal geometry is small the
magnitude of A is close to one and that of B small; if b0

1. 1 eparts Irom y =0 . and B=-0. .
(Fig. 11 (1)) d £rom 90° by 1° A=0.97 and B='0.03

0f the seven stable isotopes of barium the two odd
ones, 135 and 137, occur with abundances of 6.6 and 11.3%
respectively for a total of 17.9% odd isotopes; most (71.7
out of 82.1%) of the remainder in the natural mixture is
Bal38, Both odd isotopes have spin I = 3/2 and small
departures from pure LS coupling which lead to a small magnetic
hyperfine structure in the 6snp 1P1 levels and this might be
expected to affect the shape of the Hanle resonance. The
nuclear angular momentum of these isotopes alters the angular
momentum quantum numbers for the atomic scattering system and
hence affects the angular distribution of the scattered resonace
radiation. The level crossing signal of the odd isotopes is then
different from that of tﬂe even isotopes, (for which the nuclear
angular momentum is zero) even though the lifetime of the level

is unchanged,




The overall splitting of the 6s6p1P1 level of
Bal37 is about 500 Mz (Lurio 1964) while the Doppler width
at 0°C is about 600 Miz. A theoretical prediction of the shape
of the Hanle signal of the odd isotopes is difficult] see for
example, Lurio and Novick (1964) where the case of cadmium i
discussed. The level crossings at non-zero field occur at
about 150G for the barium 6s6plP] level (Lurio 1964) and so
are well beyond the wings of the Hanle resonance. However, in
view of the smallness of the hyperfine structure in relation
to the Doppler effect and the quite large concentrations of the
odd isotopes one might expect that the effect of the odd
isotopes is important. To check this, Lurio (1964a) obtained
a sample enriched to 987 in Bal38 and found no difference
between the width of the Hanle resonance given by this sample
from that given by the natural barium. The precision of his
experiments was comparable to those described here,that is about

2%.

The hyperfine structure of the 3P1 level is much
larger than that of the 1P1 level and zuPutlitz (1963) has
discussed the magnetic "tuning" of the frequency of transitions
between the Zeeman states of the even isotopes in a source
to ensure maximium absorption by the odd isctopes in a beam

for this case.

The width of a Hanle resonance is not independent of
the density of the scattering atoms. In a Hanle experiment, an

incoming resonance photon excites a sample atom that subsequently
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decays with the emission of another photon. This photon may
escape from the scattering region or it may be absorbed by a
second sample atom. If all the sample atoms are in the same
magnetic field the time variation of the wave functions
representing the excited states will be the same and phase
information - such as the orientation of the atom in the

excited state - can then be transfered from one atom to another
by the photons. This multiple scattering of the radiation

leads to an apparent longer lifetime of the excited state and
consequently to a narrowing of the Hanle resonance called
coherence narrowing. The extent to which the radiation is mult-
iply scattered before escaping will depend on the density of

the scattering atoms, and in the extreme case the radiation can
be-completely trapped. At very low densities all the Zeeman
states of an excited level decay with the natural lifetime of
that level and under these conditions the width of the Hanle
resonance is inversely proportional to the lifetime. At higher
densities the Zeeman states can relax to each other by radiation
trapping (and collision broadening), and the observed width is
no longer inversely proportional to the lifetime. These effects
have not entered the theory that has been discussed up to this
single atom rather than an ensemble of atoms for which the

density matrix formalism is most frequently used.

In general, an optically excited atomic state having

total angular momentum J has associated with it 2J + 1 multipole
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moments. For the cases of interest here the ground state has

J = 0 while the excited state has J = 1, and the three quantities
or moments are the population, the orientation (or magnetic
moment of the excited state), and the alignment (or atomic

polarization with zero magnetic moment) of the excited state.

When the interactions between the atoms making up
an ensemble are considered, each of the 2J + 1 (ensemble averaged)
multipole moments no longer decays with the natural lifetime
of the state. The (ensemble averaged) multipole moments of the
ensemble are proportional to the corresponding multipole
components of the density matrix representing the system and
the lifetimes that can be observed in a Hanle experiment can
be related to the different relaxation times of the multipole
components of the density matrix, (Happer and Saloman, 1967;

Saloman and Happer 1966).

When only electric dipole transitions are considered
two lifetimes can be observed; these are called the orientation

lifetime 1, and the alligmment lifetime <t Using plane

1 2°
polarized light (as was done in the experiments described) only

the alignment lifetime 1, can be observed but if circularly

2
polarized light is used both lifetimes can be observed. Both
lifetimes tend to the natural lifetime of the excited state as
the density becomes small and in any experiment the geometry,

orientation, and type of polarizers used will determine which

of the two is observed.




Coherence narrowing in a Hanle experiment was first
observed and explained by Barrat (1957, 1959) who showed that
the lifetime obtained by extrapolating to zero density agfeed
with the results obtained from double resonance and level
crossing experiments. Barrat used the density matrix formalism
in developing the theory of coherence narrowing, as did
d'Yakanov and Perel' (1965) who used a more realistic Boltzman
velocity distribution for the scattering atoms than the constant
velocity assumed by Barrat. Saloman and Happer (1966) extended
the theory to allow for branching from the excited state, and
fiper and Sandle (1970) have taken account of the variation in
scattering atom density in the scattering region. The validity
of the theoretical results has been demonstrated by the authors
mentioned. Coherence narrowing in closely related to radiation
trapping and Holstein (1947, 1951) has given a full treatment

of this.

The theories of Barrat, or the more refined theory
of d'Yakanov and Perel', show that the measured width of the
Hanle resonance, I'j, is related to the natural width of the
level, I', by

£

T “I—Azx

N




where A, is a function of the angular momentum quantum
numbers of the excited and ground levels, and x is the
probability for multiple scattering of a photon in the

scattering region.

If jo is the angular momentum of the ground state

and j; of the excited state then

, D@ -1 - 8j1(j1 + 112
100 (2j1 - l)2j1(2j1 + 2)(2j1 + 3)

Ap =

where Y = (§ - Y5 + 3 + 1) + 2
3, jo i j1 )

and x depends on tﬁe characteristic dimension of the-scattering
region, L, and the mean free path of a photon at the centre of
the line,
©
x=1- (1//n)f exp( -t2).exp( - —%— e_tz)

—-co 0

dt

the integral is tabulated in Mitchell and Zemansky (1934).
The parameter lO depends on the thermal velocity, v0 and
density, no, of the scattering atoms and on the wavelength

of the photon,

_2jgt+ 1 81T3/2V0
0 2j1+ 1 ngA°T

1




- 56 -

In the linit L >> 1,, the high density limit, d'Yakanov and
Perel' (1965) show that the integral expression for x can be

approximated by,

x=1- (10/L).1/v/[1rln(L/10)] .
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RELATIONSHIP OF LIFETIME OF A LEVEL TO THE OSCILLATOR
STRENGTHS OF TRANSITIONS FROM THE LEVEL.

The radiative lifetime, or mean life, of an excited
state can be expressed in terms of the electric dipole
transition matrix elements of transitions to lower energy
levels. If the wavelengths of the tramsition n - m is
Anm’ the lifetime of the level n is given by (Heitler

1954, Condon and Shortley 1963, Davydov 1965)

64 Tte? 1 5
3 A dyh.|.<nl_¥_‘m>| R

1/t = %
nm

where r is the position vector of the electron involved in

the transition and the sum extends over all lower states m.

It is usual to express the lifetime in terms of
the Finstein coefficients for spontaneous emission Anm’ and

the absorption oscillator strengths, or f-values, fmn;

1/t = I A
w262 g
A = 8i“e 1 ; £
nm me A g nm



82 g
fmn - g 8n h?c I < nl E-lm g ‘2
m nm

£ and g, are the statistical weights of the levels n and m

respectively. The absorption oscillator strength of the
n > m transition f, is a measure of the ability of the atom
to absorb radiation as compared with a classical oscillating

electron.

Numerically one has
1 &n fmn

Am = 1499 g A2
it mn

with the wavelength in €.

If either the f-values of the transitions from
a level, or their ratios, called the branching ratio, are
known the lifetime as determined from the Hanle experiment
can be compared with the lifetime obtained from the sum of
the A coefficients. Alternatly if only the branching ratio
is known the lifetime obtained from a Hanle experiment can be

used to determine the absolute f-values.
Crossley (1969) has reviewed methods of calculating
f-values, while Foster (1964) and Wiese (1968) have reviewed

experimental methods.

In calculating f-values of transitions in many



electron elements such as barium, configuration interaction,
intermediate coupling, and the lack of satisfactory wave
functions seriously limit the accuracy and reliability of the

results.

Experimental methods of obtaining f-values can
be split into two categories; those that depend on a knowledge

of the vapour density, and those that do not.

Typical of the former is the hook method of
Rozhdestvenskii which has been used by Penkin and co-workers
(0Ostrovskii and Penkin 1960) to measure the f-values of many
lines in the barium spectrum. In this method the anomalous
dispersion of the vapour of the element being studied is

measured.

Relative f-values given by this method, and by
absorption methods, should be accurate, but to obtain absolute
f-values the vapour density must be known. Measurements of
vapour density are difficult, often unreliable, and lead to
uncertainties of at least 10% and frequently to much larger

systematic errors (see for example Foster 1964).

The Hanle effect is a good gxample of a method that
can be density independent. Rather than determining f-values
directly the lifetime of a level is determined and in conjunction
with the relative values given by other methods absolute f-values

are obtained,



CHAPTER IV RESULTS

INTRODUCTION

Hanle resonances were observed in the 6s6p,
6s7p, and 6p5d, 1pl configurations using the transitions
from these levels to the 632180 ground state at 5535, 3071.58,

and 3501 R respectively.

The Hanle resonance of the 6s8p lPl level via the
transition 6s8p 1P~ 6s2 180 2785 X, was searched for but not

observed.

6s6p 1P

The Hanle effect of the 6s6p1P1 level was obgerved
in the resonance line 6s? !So - 6s6p11319 5535 ﬁ and a plot
of a typical Hanle resonace is shown in Fig. 12; this is the
graph that the computer plots on the line printer. The data was
cbtained Qsing the first of the two experimental set-ups described
previously. In Table III are given the experimental results.
These are the best results chosen for the following criteria;
(a) the slope of the base-line of the fitted curve is small,
indicating that the beam density remained comstant during the run.
A separate check was made of the lamp intensity beforezand after
each run. This was done;by measuring the number of counts in a
given period (1 or 10 seconds) with the beam cut off by the beam

flag, ie. the number of photons reflected from the inside



Fig.12 Hanle effect of 636p1P1 .
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of the vacuum chamber was measured. Only those runs with a
very small change in lamp intensity (less than 17) and a change
in signal size due to change in beam density of less than 57 are

given in Table 11T,

(b) The value of the error parameter given by the
program indicated that the points could be properly fitted to
a Lorentzian, and that the error in the full width at half
height was reasonable. The goodness-~of-fit is determined by

the value of F = ¢ ((Y Y )2/Y ) where the sum
exp exp

cale”
“extends over the N data points and the fit is considered
good if F is in the range N to about 1.5N. At very low beam
densities statistics are poor and sometimes the fit is poor.
At the highest densities a discharge sometimes developed at
themouth of éhe furnace; the resonance radiation from this
discharge gave the expected signal shape. This discharge was
usually detected when the lamp intensity was being checked.
In addition some curves taken at high densities showed departures
from the ideal symmetric shape due to an effective change in the

scattering angle and the resulting addition of some dispersion shaped

signal to the output; such curves were not used.

Coherence narrowing of the Hanle resonance was observed.
The density of the scattering atoms is not known but the
normalization constant, I, , in the Hanle~expression is proportional

to both the beam density and the lamp intensity (Franken 1961).
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TABLE III

Hanle Effect of 6s6p'P; 5535 A

Run Number Full wWidth Density Parameter

3 Height
78 14.17 - 2.994
79 13.81 4.861
81 13.38 6.011
82 13.15 6.103
83 13.55 6.560
84 ’ 13.12 13.48
85 12. 38 15.579
86 11.96 14,299
87 12.93 28.477
88 12.45 31.491
89 10.66 61.315
90 10.50 65.989
91 : 13.04 43,024
92 10.27 _ 70.658
96 13.37 .558
97 13.28 .522
106 ~13.31 .384
113 10.60 29,38
125 14.65 1.606
130 13.37 11.97
131 12.78 17.11
132 13.41 18.60
133 13.87 18.93
134 11.58 20.16
137 13.01 13.07
138 11.26 38.92
139 10.98 36.65
140 10.76 36.93
143 12.96 1.12
144 14. 39 1.78
145 14.41 1.84

146 S 13.19 .o 8.13
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This constant, normalized to conétant input light intensity
is used as a density parameter and is given in the table of
results., The same procedure has been used by Landmann (1968)
in Hanle experiments in Argon where some metastable levels were

used as the initial levels.

To allow for the coherence narrowing the measured
widths, st of the Hanle resonances have to be fitted to the

relation given earlier,
r/rz"—"l‘-Azx °

For the transition 6s6p 1P1 -+ 632 ISO, 42 = 0.7. Because

the density, ny, of the scatteripg atoms is not known,x

cannot be calculated. However, the observed narrowing is small
and changes only slowly as Io changes over several orders of
magnitude. In addition some indicatdion of the size of x and

of its dependence on the beam density, n,, can be obtained

vfrom the known parametefs of the system, From preliminary results
the lifetime T = 1/T is about 8.1072 seconds and by assuming

that the thermal velocity of the scattering atoms is equivalent
to SOOOC, (approximately the temperature of the furnace) the
mean free path is 10 = 10537.1010/n0 cm, where the density is in
atoms cm~3.The beam has a diameter of 1 or 2 cm at the

scattering region, so the sd—célled characteristic dimension,

L, can be put equal to 2cm. The ratio lO/L is then small

(of the order of 1 if n, = 1010 atoms cm™3) and it can be

assumed that the variation of x with density, i.e. with lO/L’ will

be linear. The experimental values of the width of the resonance



were fitted, using least squares, to the density parameter

Io. Figure 13 is a plot of thé fit showing the variance
expected in any point. The intercept with the zero axis is
13.58 * 0.21G. The error is obtained by combining the standard
deviation of the intercept with the axis and the uncertainty

in the calibration and measurement of the magnetic field. Then,
to take account of possible unknown systematic errors and the

approximation involved in the straight line extrapolation, the

error is multiplied by 5 to give a total error of 1.67.

At the highest dengity of the scattering atoms shown
in the fipure, the ratio of the measured width to the zero
density width is 10,27:13.58 or 0.7:1. If this ratio is substituted
into the coherence narrowing formuia, using the estimates of
the parameters given earlier, the density of the scattering
atoms is about 5.10° atoms em™3, It is at about this density
that the shape of the coherence narrowing curve begins to depart
significantly from a straight line. If the last three points
shown in the graph are omitted from the least squares calculation
the zero intercept is changed only slightly to 13.52 + 0.21
(c.f. 13.58) while both the calculated density, and the value
of the density parameter, are reduced by about one half at
the highest density then used. At this density the approximations
involved in making the straight line extrapolation and in using
the amplitude of the Lorentz peak as an index of beam density

are valid. At the lowest beam densities used the count rates

are low and statistics are poor resulting in a rather large scatter



Fig.13 Experimental dependence of full width at half height
on scattering atom density.
the vertical scale is Gauss,the horizontal scale is

index of beam density in arbitrary units.






of the experimental points but these points are important
because of the logarithmic dependence of the width on the
density. For these reasons a least squares fit to a straight

line over a range of densities gives a more reliable result.

The two values for the intercept with the zero axis
agree within the estimated errors and using the smaller value,
obtained without the high-~density points, and the Ry value

given by Swagel and Lurio (1968) the lifetime is;

’r(6sﬁp1PI) = 8.37 + 0.14 1077 sec.

This result, and other quantities relating to this level, are

collected in Table IV,

From our value of the lifetime, which is in excellent
agreement with previous results, the oscillator strength of

the 5535 R transition can be determined.

This oscillator strength is important because the
relative oscillator strengths, or f values, of the series
652 1so - 6s np 1Plfor n =6 up ton ; 18 are known from the
work of Penkin and Shabanova (1962) and once the absolute
oscillator strength of the principle line of the series is
known the others can be obtained. In addition, almost all

the most accurately known absolute oscillator strengths in
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TABLE IV

Experimental and Theoretical Quantities Relating to The

6s6p'P; State of Barium

Life time - Experimental

Bucha and Schussler (1961) 10.4+0.5 10”° sec
Hulpke Paul and Paul (1964) 8.36%0.25
Lurio (1964) 8.37+0.20

This Work 8.37+0.14

Oscillator Strengths - Experimental
£(5535)
Wessel (1949,1951) 1.8 #0.25

Ostrovskii Penkin and Shabanova (1958) 1.7 #0.2

Penkin and Shabanova (1962) 1.40+0.05

Miles and Wiese (1969) 1.59

Lurio (1964) 1.55% 0.06
£(15000)

Hulpke Paul and Paul (1964) 0.10+£0.02

Oscillator Strengths - Theoretical

£(5535)

Bates and Damgard (see Lurio 1964) 1.92
Freidrich and Trefftz (1969) 1.88
£(15000)

Freidrich and Trefftz (1969) 0.0200.51

gj Value - Experimental

Swagel and Lurio (1968) 1.0039 (8)



the barium spectrum are obtained from £(5535) in the same
manner -- as is discussed by Miles and Wiese (1969) in their
critical compilation of the barium oscillator strengths.

Miles and Wiese suggest that the data of Penkin and Shabanova
(1962) and of Ostrovskii and Penkin (1960) is the most reliable.

These results were obtained with the hook method.

To obtain the oscillator strength from our value of
the lifetime, the small contribution of the 656p1P1— 6sSd1D2

15000 & transition to the (two term) sum,

g £
A 1 y_on nm

am 1,499 1 g A2

i/t =

e}

must be considered. Hulpke, Paul, aﬁd Paul (1964) estimate
£(15 000) at 0.10 + 0.02 from Stark effect measurements by
Paul and the method of f-sums. They estimate the maximum

possible value of £(15 000) at 0.48 + 0.34 from the results

of a calculation using the Bates and Damgard approximation.

Lurio (1964) has given £(15 000) = 0.17 + 0.06,
and, using this value, the oscillator strength of the 5535 R
line is £(5535) = 1.57 + 0.6, where the longer wavelength
line contributes about 7% to the sum of the A values. Using
Pauls value of 0.10 we obtain £(5535) = 1,60 + 0.3, and the
contribution of the longer line is about 47, while their limiting

value, £(15 000) = 0.48, yields £(5535) = 1.44. Miles and

Wiese give £f(5535) = 1.59 and estimate the errors as, "within



- 90 -

10%.

They obtained this value from the lifetime results of
Lurio and of Hulpke et al after allowing for the effect of

the long wavelength transition.

Since the lifetime of the 656p1P1 level obtained
in this work is essentially the same as that obtained by Lurio
and by Hulpke, Paul and Paul, the agreement between the
oscillator strength ¥esults is as expected and it seems
reasonable to adopt Miles and Wieses value as it would appear
that they have chosen to adopt some average value of £(15 000)

in obtaining £(5535) = 1.59.
6s7plp,

The Hanle resonance of the 637p1P1 level was obtained
using the transition 6s2 1so - 6s7p1P1, 3072 & and the same
geometry as was used for the 6s6p level. The data was collected
using the multichannel analyser as a signal averager as
described previously. A plot of a typical curve and the fitted
Lorentzian is shown in Fig. 14 and the results are given in
Table Vf The oscillator strength of the 3072 R transition is

small and no evidence of coherence narrowing was observed.

Runs were made with different beam densities, different
lamp intensities and different sweep periods of the scanning

magnetic field. No systematic trends were observed.
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Fig.14 Hanle effect of 6s7p !p;.
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Full wWidth % Height (Channels)

36.55
29,33
32.41

130.66
35,12
35, 30
33.88
34.19
39,05
36.66
30.77
28. 31

30.22

1+
l.-_l
-]

o
o

Mean 133,22

In Gauss 8.59 £ 0.25



_73 o

The mean of fourteen determinations of the full
width at half height of the Hanle resonance is 8.59 + 0.25G

from which

-9
gyT = 13.2 + 0.4.10  sec.

The 83 value of this level has been measured by Ma et al

(1970) as

gJ(6s7p1P1) = 1.003(2).

This group also found T = 13.4(6) . 1079 sec. in good agreement

with our result. The results are collected in Table VI.

To obtain the oscillator strength of the transition
from the 6s7p1P1 level from the lifetime of the level the
branching ratio of the level, must be known. The possible

‘transitions from the level are:

6s7plp > 6s” 1§ 3072 3
*  6s5d 1D2 4726 &
> 532 1D2 10 542 &
+  6s7s 1s, (23 164 )
>  6s5d 1D2 (43 285 R)

The wavelength in brackets have been calculated from the
energy levels given by Moore (1958). These bracketed transitions,
because of their long wavelengths, can be neglected. The

oscillator strengths of the transitions are given in Table VI.
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TABLE VI

Experimental and Theoretical Quantities Relating to

the 6s7p'P; State of Barium

Lifetime
Ma et al. (1970) 13.4%0.6 107 % sec
This work 13.2%20.4

g7 Value
Ma et al. (1970) 1.003(2)

Oscillator Strengths - Experimental

Ref.
Upper level 6s6p'P, 6s7pP; 6s7ptP;
Lower level 6s%1g, 6s%1s, 6s 543D,
(R) 5535 3072 4726
relative f-value 1000 109 87.6 1,2
absolute f-value 1.59 0.17 0.14 3

0.19+%0.01 0.060x0.004 4

0.12£0.05 0.09 *0.04 5

Oscillator Strengths - Theoretical

6s7plP; + 6s2lg, 3072 R N0, 22 6
+ 655d!D, 4726 R N0, 34
> 5321p, 10542 R 0.19%0.66
Ref.1l Ostrovskii and Penkin (1960)
2 Penkin and Shabanova (196 2)
3 Miles and Wiese (1969)
4 Ma et al. (1970)
5 This work
6 Freidrich and Trefftz (1969)
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The ratios of the oscillator strengths of the lines 4726 and
3072 R to that of 5535 & are taken from the data of Penkin and
Shabanova (1962) and Ostrovskii and Penkin (1960). The recent
calculations of Friedrick and Trefftz (1969) indicate that

the oscillator strength of the 10 542 % 1line is of the same
order of magnitude as that of 3072 even though the transition
involves.two electrons. However, even i1f the oscillator
strength is this large the line would contribute only 157

to the sum of the A coefficients because of its longer wave-

length.

This calculated oscillator strength is not reliable,
and as the error inherent in the use of the ratio £f(3072):
£(4726) is probably at least 157 the 10 542 % line is not
included in the calculations.

Using our value for T, and the ratio £(3072):

£(4726) given in the table we find

£(3072) = 0.12

I+

0.05

£(4726) =  0.09 + 0.04

where the error is put at about 307 from the uncertainty in the
branching ratio. These results for the f values differ from those
of Ma et al (1970) because they use a branching ratio calculated
from data given in the tables of Corliss and Bozman (1962)

who in turn obtain their data from measurements of the relative
intensity of spectral lines of small percentages of elements put

into a copper arc. The tables of Corliss and Bozman are extensive



but are not reliable, and the uncertainties can be up to 100Z

and are frequently greater than 50% (sée for example Czrossley

1969 p. 241). VWhere alternative data is available it is preferable
to use it. Miles and Wiese (1964) state that the data of Penkin
and co-workers is the best available and consequently we have

used Penkins results.

5d6plp
R

The Hanle resonance of the 5d6p 1Pl level was observed
using the transition 5d6p lP1 - 682 ISO, 3501 X, the geometric
arrangement shown in Fié. 11 (iii), and the signal averaging
electronics shown in Fig. 9 (ii). The results of 8 determinations
of the full width at half height of the resonances are given
in Table ¥II . The weighted mean of the 8 determinations is
9.30 + 0.07G; from which gt = 12.20 # 0.1 x 107 sec. Our
result agrees well with that of Ma et al. (1970) who obtained

T = 12.40 + 0.9 x 10™° sec., and who found Py = 1.004 + 0.002,

From our value for the lifetime the absolute
oscillator strengths of the transitions from the 5d6p1P1 level
can be determined from the relative oscillator strengths implicit
in the data of Penkin and Shabanova (1962) and Ostrovskii and
Penkin (1960). The most important transition, apart from the
resonance line 4d6p1P1 - 6s? 15y at 3501 R, is that to the

5d6s D level at 5826 Xg the ratio of the oscillator strengths
2
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TABLE VII

Experimental Quantities Pertaining to 5dép'P,

strengths

34,74 = 0.6
, 36.26 = 0.5
Full width at half intensity 36.07 = 0.7
of Hanle resonance ({the errors 36.49 * 0.5
" are those given by the fitting 35.66 £ 0.8
program) . 36.14 = 1.1
37.85 & 1.7
34,60 = 1.4
Weighted mean 35.95 * 0.29 channels
or 9.30 * 0.07 Gauss
Lifetime 12.22 + 0.10 x 107° sec. ref c
12,4 *+ 0.9 x 107° e
Oscillator Strengths
Ref.
Upper level 6s6p’P, 5d6plP; 5d6plP,
Lower level 6s2's, 6s?'s, 6d5s'D,
Wavelength (R) 5535 3501 5826
Relative _
oscillator ) 1000 102 187 a,b
strengths
Absolute B 0.10+0.02 0.19%0.04 c
oscillator 0.16 0.30 d
0.22+%0,02 0.12+0.01 e

(U o NR o it o}

Penkin and Shabanova (1962)
Ostrovskii and Penkin (1960)
This work

Miles and Wiese (1969)

Ma et al (1970)



is £(3501):£(5826) = 102:186, from which the absolute values are

obtained as,

£(3501) 0.02

0.10

1+

]

£(5826) = 0,19 + 0.04

where the errors have been put at about 20% to take account of the

probable error in the ratio.

These results are in reasonable agreement with
those of Miles and Wiese, but are in poor agreement with those
of Ma et al who have used a branching ratio calculated from the
data of Corliss and Bozmann as has been discussed for the results

of the 6s7p 1P1 level; the results are collected in Table VII,

while Fig. 15 is a plot of the experimental points and the

theoretical fit of a typical resonance.




Fig.1l5 Hanle effect of 5d6p lP;.



COUNTS




- 80 -

DISCUSSION OF THE RESULTS

The lifetime obtained for the first excited
singlet P level agrees well with the results of previous
authors, and the results obtained for the 6s7p and 5d6p
configurations agree well with the recent, but as yet
unpublished, results of Ma, Lido, and zuPutlitz. In all
cases the precision of the results is better than that of

other authors.

The Hanle resonance of the 6s8p1E1, level could
not be observed. The oscillator strength of the transition
from this level to the ground level 6s2 1Sy is small and even
though the line could be observed in the spectrum of the hollow
cathode lamp - albeit with a very low intensity - no Hanle
curves could be obtained. Two changes might make the
resonance observable; aa increase in beam density and an
increase in lamp intensity. With the present apparatus the
1imit on beam density is set by the distance between the
furnace and the scattering region and by the power that can
be fed to the furnace. The power is limited by the onset of
a discharge in the cloud of barium vapour at the mouth of the
furnace while the distance’between the furnace and the scattering

region could be substantially reduced only by extensive rebuilding
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of the beam tube.

At present work 1s underway to increase the effective
f/number of the hollow cathode lamp and to increase the discharge
current, at present limited to about 200 mA, to increase the
light output from the lamp. More efficient polarizers would

also help; at present they absorb almost 85% of the light.

The lifetimes of the levels are of interest because
they allow the oscillator strengths of transitions ffom the
levels to be determined and in addition they provide information
about the coupling of the valence electrons. The degree of
mixing between the wave functions representing the 1p and 3p
levels is reflected in the lifetimes of the levels and the
oscillator strengths of the transitions from these levels to
the ground state. In pure LS coupling the intercombination
line is forbidden and its presence can be attributed to the

mixing of the 1P1 level with the 3P1 level.

The oscillator strengths that can be determined from
the lifetimes of the levels depend on earlier determinations
of the relative oscillator strengths of the transitions from
these levels. This limits the accuracy to about 20 or 30% in
most cases and in addition the use of data from different authors
can lead to very different results. This lack of precision is

typical of the situation in the spectra of many elements and the
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lifetimes can point to serious discrepancies in the oscillator

strengths.,

In the case of the 6s6p and 6s7p 1P1 configurations
the 1ifetime of the first member of the series, 6sbp, together
with,the branching ratio of the level and the relative oscillator
strength of the resonance line from the 6s7p level, allow the
oscillator strength of this resonance line to be determined.
The oscillator strength of the line can also be found from
the 1ifetiﬁe and branching ratio of the level. The results of

the two methods of using the data agree and confirm earlier

work.

For the 5d6p lp 1evel the branching ratio obtained
from the data of Penkin and his co-workers is very different
to that of Corliss and Bozman; even though the results of
Penkin are generally considered more reliable than those of
Corliss and Bozman further work to determine which branching

ratio is correct is desirable.

v

A preliminary report of the work on the 6s6p level
was presented at the C.A.P. meeting at Waterlooin 1969
(Dickie and Kelly 1969) while a full report appeared in 1970
(Dickie and Kelly 1970). A preliminary report of the 6s7p
work was presented at the joint C.A.P. - S.M.F. - A.P.S. meeting
in Winnipeg in 1970 (Dickie and Kelly 1970a) while a full report

~ will appear shortly (Dickie and Kelly 1971).
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Lifetime of the 6s6p P, level of barium

L. O. DickiE AND F. M. KELLY
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The lifetime of the first excited singlet P level of barium, 6s6p 1Py, has been determined from the width
of the zero field level crossing, i.¢. the Hanle effect, of the 6s6p * Py 652 18S,, 5535 A resonance line. The
resonance radiation was produced in a hollow cathode lamp and the scattering atoms by an atomic beam.
After taking account of coherence narrowing, the lifetime is determined to be 8.37 + 0.14 x 10~ s, in

good agreement with other recent work.
Canadian Journal of Physics, 48, 879 (1970)

The energy levels of an atom which is placed in
a magnetic field are split into the well-known
Zeeman states. If fine or hyperfine structure is
present there is a possibility of two of the Zeeman
states crossing at a nonzero magnetic field. When
polarized resonance radiation is scattered from
such a system, the spatial distribution of the
scattered radiation is changed as the energy
levels cross. Such level crossings have become
important in atomic spectroscopy (Colegrove
et al. 1959; Budick 1967). As the magnetic field
is reduced the separations of the various Zeeman
states become smaller, and at zero field the
Zeeman states become degenerate. At this zero
field level crossing there is also a spatial redistri-
bution of scattered resonance radiation. Hanle
(1924) was the first to give a theoretical explana-
tion, based on the Zeeman effect of this zero
field level crossing, now called the Hanle effect.
~ The width of an energy level is inversely pro-
portional to the lifetime of the level. Conse-
quently, level crossings of Zeeman states take
place over a range of magnetic field, and the
width of the observed resonance, measured in
terms of the magnetic field, depends on the life-
time of the level, and the Hanle effect becomes a
convenient method for determining lifetimes of
excited atomic levels. The early work on the
Hanle effect is discussed by Mitchell and
Zemansky (1934) and the general theory of the
scattering of resonance radiation was developed
by Weisskopf (1931) and Breit (1933). More
recently the theory has been put into forms more
directly useful for atomic spectroscopy by Rose
and Carovillano (1961), Franken (1961), and
Lurio, deZafra, and Goshen (1964).

The geometry used in our Hanle experiment
is shown in Fig. 1. The magnetic field is in the z
direction. The input light is directed along the x
direction and is plane polarized with the electric

/

1 Magnetic field

Y

——>

Light out

X E

/Ej Polarizer
/’ Light in

F1G. 1.

Geometry of this Hanle experiment.

vector along the y axis; the output light is ob-
served along the y axis. In the experiments
discussed, the transitions are between an excited
1p, level and a ground 'S, level, and for even
isotopes, for which the spin is zero, the Hanle
signal intensity can be written as

1
I= ]"[1 T 1+ (ZgJuoHt/h)‘:l

where g, is the g value of the 'P, state, p, is the
bohr magneton, and I, is proportional to both
the number of scattering atoms and the intensity
of the exciting light.

The full width at half intensity, AH, of the
resonance is related to the lifetime, 7, by

_1__ giko
=" AH




880

Ideally the shape of the resonance is Lorentzian.
However, if the angle between the incident and
observing directions is not exactly 90°, the curve
is a combination of a Lorentzian and a dispersion
curve. As well, the exciting light and the observed
light are averaged over small solid angles about
the ideal directions. Both of these effects are
discussed by Fry and Williams (1969).

A major advantage of the Hanle method is
that at low densities of scattering atoms, the
width of the resonance is independent of the
density so that an absolute value of the density
is not required. At higher densities the width of
the Hanle resonance curve is decreased by
coherence narrowing. This effect has been studied
theoretically by Barrat (1959) and d’Yakonov
and Perel (1964, 1965) and the theory has been
compared with experiment by Barrat (1959) and
by Happer and Saloman (1967).

In contrast, both the ‘hook’ method and
absorption methods for determining absolute
oscillator strengths require a value of the density.
The density of scattering atoms is difficult to
measure and, as a consequence, some oscillator
strengths determined by these methods have
large and unknown systematic errors.

The 6s6p 'P; level of barium can decay
directly to the ground state 6s* 1S, by emission
of a photon of the resonance line 5535 A, and
also to the metastable level 6s54 'D, with a
photon of wavelength 15 000 A. These levels of
barium are shown in Fig. 2. The lifetime of the
1p, level depends on the oscillator strengths of
both transitions. However, the infrared line is
much weaker than 5535, as the oscillator strengths
are in the ratio 1.5:0.10, using the values given

18080 6s 6p P,

15000 R

6s 5d'D,

5535 R

ENERGY (WAVE NUMBERS)

21
0 6s° 'S,

FiG. 2. Relevant energy levels and transitions of
barium.
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FiG. 3. Schematic diagram of the experimental
apparatus; the static magnetic field is perpendicular to
the plane of the diagram.

furnace —

by Miles and Wiese (1969). Thus the effect of the
infrared transition on the lifetime of the 6s6p 'P,
level can be neglected.

A schematic diagram of our experimenta
apparatus is given in Fig. 3. The light from the
hollow cathode lamp is focussed onto a beam of
barium atoms. The light is linearly polarized in
the plane containing the light input and outpu
directions (and the beam), with the electric vecto
perpendicular to the direction of the static mag
netic field. An interference filter is used to isolatd
the required line in each of the input and output
arms.

The beam of barium atoms is produced in a
electrically heated oven. The beam is collimated
by beam stops and a beam flag can be used to cu
off the beam. The chamber is blackened and
baffled to reduce the scattered light. Natural
barium, 82.1% even isotopes and 17.9% odd
isotopes, is used in the experiment. Both odd
isotopes have spin 3/2.

After passing the scattering region, the atomid
beam is stopped by a liquid nitrogen cooled
trap. The trap also helps to keep the pressure low
The residual gas pressure inside the chamber i
about 10~ 5 mm Hg when the beam is operating|

The light scattered from the beamin a directio
perpendicular to both the incident light and




DICKIE AND KELLY: LIFETIME OF THE 6s6p 1Py LEVEL OF BARIUM

T
500
3e :Z.:z.l:.“ vgoe

NUMBER OF COUNTS IN | S

30

) 60

MAGNETIC FIELD (GAUSS)
Fic. 4. Typical plot of the experimental and theoretical counts vs, magnetic field; the dots are the experimental

points, the crosses theoretical.

the magnetic field is focussed on to an EMI type
6256 photomultiplier. The photomultiplier is
some distance from the scattering region and is
surrounded by p metal to shield it from the
magnetic field. Initially the DC output from the
photomultiplier was monitored and a lock-in
amplifier was used to determine the shape of the
resonance curve. However, light intensities are
low and small beam densities are used so that
photon counting became a preferable experimen-
tal arrangement. As well, this change eliminates
corrections which must be applied for the strength
of the lock-in oscillating magnetic field and for
the integrating time of the lock-in amplifier. For
photon counting the signal from the photomulti-
plier is amplified, passed into a discriminator to
eliminate low-noise events, and the output fed
into a scalar.

The magnetic field is supplied by a pair of
Helmholtz coils, 40 cm in diameter. The coils
were calibrated using a Rawson-Lush rotating
coil gaussmeter, and were adjusted until the
field at the scattering region was constant to
better than one part in 10 000 over a cube of side
2 cm. The current in the coils was monitored by
measuring the voltage across a 1 Q standard
resistor with a digital voltmeter. The field was
found to depend linearly on the current over the
range tested, 0-300 G.

The shape of our experimental curves is found
by plotting the number of photons scattered into

the photomultiplier in a fixed period against the
magnetic field. The counting periods were made
long enough to give good statistics and were
between ! and 10s.

A typical run is made by varying the magnetic
field in steps from about —60 G through zero to
+60 G, and involves between 60 and 100 points,
while the output of the hollow cathode and the
beam density are kept fixed. It requires between
5 and 10 min to accumulate this data. The light
output from the hollow cathode could be kept
constant for this period of time but difficulties
were experienced with gradual changes of the
beam density.

The data is analyzed by a computer program
that fits a Lorentzian to the experimental points
and gives the full width at half intensity and other
parameters of the best fit. The program also
plots a graph of the experimental and theoretical
counts.

Figure 4 is a typical graph of the experimental
and theoretical counts versus magnetic field.
Because the program fitted a Lorentzian to the
experimental points, the difference between the
calculated and experimental counts was plotted
to check whether any dispersive component was
present. Such a component can arise from a
departure of the scattering angle from 90° or
from misalignment of the polarizer (Fry and
Williams 1969; Stroke et al. 1968). Great care
was taken in aligning the apparatus and the solid
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Fic. 5. Dependence of the full width at half maximum on scattering atom density.

angle from which scattered radiation was
accepted was kept small. A few of the curves
obtained at higher beam densities showed small
dispersive components and were not used in
obtaining the final result. Other curves, also at
higher beam densities, showed symmetrical
departures from the ideal shape.

The presence of 17.9% odd isotopes in the
natural barium might be expected to affect the
shape of the resonance curve. However, Lurio
(1964) carried out a similar experiment using
separated even isotopes and found no difference
from the results given by natural barium.

No attempt was made to measure the density
of the scattering atoms in the atomic beam, so
the contribution of coherence narrowing to the
line width could not be directly calculated.
Instead, a series of measurements at different
densities was made and the true width found by
extrapolating to zero density. The amplitude of
the Lorentz peak is used as a parameter propor-
tional to density. The dependence of the full
width at half intensity of the resonance on this
parameter is shown in Fig. 5.

The amplitude of the Lorentz peak is one of
the parameters given by the computer fit.
Theoretically, this is proportional to both the
number of scattering atoms and to the intensity
of the incident light (Franken 1961). We have
used this amplitude, normalized to constant
intensity of the input light, as an index of beam
density. For low densities where multiple
scattering effects are not important, this ampli-
tude is a reliable indication of beam density.

Coherence-narrowing theory predicts that

the true half-width T is related to the measured
half-width T, by ['/T, = | — A4,x (d’Yakonov
and Perel 1964, 1965).

For the two levels 1Sy and *P;, 4, is 0.7 and x
depends on the length of the scattering region,
the density of the scattering atoms, and on the
lifetime of the excited level; values are tabulated
by Mitchell and Zemansky (1934). The length
of the scattering region is about 2 cm but we have
an index proportional to the scattering atom
density rather than the absolute density. How-
ever, at low densities x is small and changes very
slowly as the atom density changes over several
orders of magnitude, so that the theoretical
relationship between the experimental half-width
and density can be approximated by a straight
line.

A least-squares fit to a straight line of the 32
experimental determinations of the width of the
resonance gives the full width at zero beam
density as 13.58 + 0.21 G. The error quoted is
obtained by combining the standard deviation
of the intercept with the axis and the uncertainty
in the calibration and measurement of the mag-
netic field. Then, to take account of unknown
systematic errors and the approximation involved
in the straight-line extrapolation, we multiply by
5 to give a total error of 1.6%.

At the highest density of scattering atoms
shown in Fig. 5, the ratio of measured width to
the zero-density width is 10.27:13.58 or 0.76:1.
If we substitute this ratio into the coherence-
narrowing formula using our previous estimate
of 2 cm for the size of the scattering region, and a
preliminary figure of 8.3 x 1077 s for the lifetime
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of the level, the density of the scattering atoms is
about 5 x 10° atoms cm™ 2. It is at about this
density that the shape of the coherence-narrowing
curve begins to depart significantly from a
straight line. If we omit the last three points
shown in the graph from the least-squares
calculation, the zero intercept is reduced slightly
to 13.52 4+ 0.21 G, while both the calculated
density and the value of the index of beam density
are reduced by about one half at the highest
density used. At this density the approximations
involved in making the straight-line extrapolation
and in using the amplitude of the Lorentz peak
as an index of beam density are valid. At the
lowest beam densities used the count rates are low
and the statistics are poor, resulting in a rather
large scatter of the experimental points. For this
reason a least-squares fit to a straight line over a
range of densities gives a more reliable value.
The two values for the intercept of the straight-
line extrapolation with the zero-density line
agree within our estimated errors, and using the
smaller value and g;(*P;) = 1.0039 (Swagel and
Lurio 1968), we obtain © = 8.37 + 0.14 x 107°
s. The two most recent determinations of the
lifetime of the 'P, state are those of Hulpke,
Paul, and Paul (1964), who used the phase-shift
technique, and Lurio (Swagel and Lurio 1968),
who used the Hanle effect. These results together

with that of this work are given in Table 1. The
agreement between the results is very good. The
oscillator strength of the transitions is given by
Swagel and Lurio (1968) and by Miles and Wiese

TABLE 1
Lifetime of *P; of Ba

Swagel and Lurio (1968)
Hulpke et al. (1964)
This work

(1969) in the recent survey of the barium transi-
tion probabilities.
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The lifetime of the second excited singlet P level of barium 6s7p*P; has been determined from the width
of the Hanle resonance of the 6s7p*P,—652 1S, 3071.58 A resonance line. The lifetime is determined to be
13.2 + 0.4 x 10~% s. From this lifetime the oscillator strength of the 3072 A transition is 0.12 + 0.05
and that of the 6s7p'P,—6s5d'D,, 4726 A is 0.09 + 0.04.

La vie moyenne du second niveau excité singulet P du baryum 6s7p'P, a été déterminée & partir de la

largeur de la résonance de Hanle de la ligne résonante 6s7p'Py-6s> 15a 3071.58

A. Le temps de vie est

évalué a 13.2 + 0.4 x 10-9s. A partir de ce temps de vie la force d’oscillateur de la transition a 3072 A
est 0.12 + 0.05 et celle de la transition 6s7p'P;—6s5d' D,, 4726 A est 0.09 + 0.04.

Canadian Journal of Physics, 49, 1098 (1971)

The zero field level crossing, or Hanle effect,
is a convenient method for measuring the life-
times of excited atomic levels, particularly those
levels that can be populated by optical excitation
from the ground state. The theory of the Hanle
effect has been discussed by Lurio, de Zafra, and
Goshen (1964), while Budick (1967) has reviewed
level crossing methods in general. In our experi-
ments, which have been described previously
(Dickie and Kelly 1969), barium resonance
radiation is incident on an atomic beam of barium
atoms. The light scattered at 90° to both the
direction of the incident light and the direction
of the magnetic field is detected by a photo-
multiplier as shown in Fig. 1.

Z
1 Magnetic field

Y

—

Light out

E

| Polarizer

fughf in

Fic. 1. Geometry of the Hanle experiment.

In this paper we report on an experiment to
determine the lifetime of the 6s7p'P; level of
barium from a measurement of the full width at
half-height of the Hanle resonance in the tran-
sition 652 1S,-6s7p*P, 3071.58 A. A partial en-
ergy level diagram of barium is shown in Fig. 2.

The resonance radiation is produced in a
hollow cathode lamp cooled by an ice-water bath.
The current in the hollow cathode is controlled
by a constant current supply. The intensity of the
lines of interest is sufficiently constant that a
separate photomultiplier system to monitor the
lamp intensity is not necessary.

The light is linearly polarized by a polaroid
filter type HNP’B so that the electric vector is

6s 7p 'P,

NS

4

6s 6d D,
6s 7s 'So

E———

30724

Fic. 2. Relevant energy levels and transitions of
barium.
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perpendicular to the direction of the static mag-
netic field and in the plane of the input and output
directions. Aninterference filter in the output arm
and either an interference filter or a broad band
ultraviolet filter in the input arm isolates the
required line.

The atomic beam is produced in a d.c. elec-
trically heated oven with a bifilar winding which
reduces stray magnetic fields. Natural barium
with 82.1 % even isotopes and 17.9 % odd isotopes
is used. After the beam passes the scattering
region it condenses on a liquid nitrogen cooled
cold trap. With the beam operating, the residual
gas pressure in the scattering chamber is about
107> mm Hg. An outline of the experimental
apparatus is given in Fig. 3.

The static magnetic field is supplied by a pair
of Helmholtz coils 40 cm in diameter; the current
field relationship of the coils was determined
using a Rawson-Lush rotating coil gaussmeter
and during the experimental runs the current
passing through a standard resistor in an oil bath
is monitored. Two sets of Helmholtz coils set
perpendicular to one another cancel the earth’s

TO PUMPS

Schematic diagram of the experimental apparatus; the static magnetic field is perpendicular to the plane

field in directions other than that of the applied
static field. To scan across the Hanle resonance
another set of Helmholtz coils, concentric with
the main coils, is used to apply a symmetric saw-
tooth ramp field to the scattering region.

Single photon pulses from the EMI16256 photo-
multiplier are amplified, passed through a single
channel amplifier to isolate the single photon
peak, then fed into the coincidence input of a
Northern Scientific NS606 multichannel an-
alyzer. The magnetic field controls the address
of the analyzer. The voltage across a standard
resistor in series with the ramp coils is applied to
the direct input of the ADC of the analyzer. A
photon pulse arriving at the coincidence input
causes the analyzer to sample the voltage on the
direct input and store the count in an appropriate
channel. The standard resistor is immersed in an
oilbath which was in turn kept at a constant
temperature by an ice-water bath to avoid change
in resistance with heating of the resistor. The
period of the ramp can be set at 1, 3, or 6 s and
runs at each of these were made. A schematic
diagram of the signal averaging layout is shown
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in Fig. 4. Because the count rate of the Hanle peak
is different from that in the wings of the resonance,
the count rate is kept low enough to ensure that
the dead time of the analyzer is not important.

It required runs of between one-half to a few
hours to accumulate sufficient counts to give
adequate statistics. The oscillator strength of the
3072 A transition is small and no evidence of
coherence narrowing was seen even at the highest
beam densities used. Runs were made with
different beam densities, different lamp inten-
sities, and different sweep periods. No systematic
trends were observed. Each sweep of the magnetic
field through the Hanle resonance takes only a
few seconds; consequently, slow drifts in the lamp
intensity and in the beam density do not enter our
results.

The experimental counts were fitted to a
Lorentzian and the difference between the
calculated and experimental counts plotted to
determine whether there was any dispersive com-
ponent present. A dispersive component can be
due to departure of the scattering angle from 90°,
or from the use of too large a solid angle in the
input or output arms. These effects have been
discussed by Fry and Williams (1969), None was
observed in our experiments.

Figure 5 is a plot of the experimental counts,
and the fitted Lorentzian, against the magnetic
field. The error bar shown is plus and minus the
square root of the number of counts.

The mean of 14 determinations of the full
width at half-height of the Hanle resonance is
8.59 4+ 0.25 G; this leads to g,u(6s7p'P,) =

132 + 0.4 x 107%s. As this work was being
completed we learned of the results of Zu Putlitz
and co-workers who have carried out a similar
experiment and find 1 = 13.4(6) x 107 %s and
who have measured g,(6s7p'P,) = 1.003(2).

From our value of the lifetime the oscillator
strengths of the transitions from the level can be
calculated. The mean life, 1, of the state m is
given by

1 m

T - nz An

and the Einstein A4 coefficient, 4,”, for spon-
taneous emission from the state m to the lower
state n is given by

A= 8n’e’ g, f,
T ome gy ()

where the g’s are the statistical weights of the
states and f, is the absorption oscillator strength
for the transition of wavelength A,,,, (Mitchell and
Zemansky 1934; Crossley 1969).

To obtain the oscillator strengths of the
transitions from the 6s7p*P, level from the
lifetime of the level, the branching ratio, or ratios
of the absorption oscillator strengths of the
transitions from the level, must be known. Miles
and Weise (1969) have critically compared the
available data and suggest that the results of
Penkin and Shabanova (1962) and Ostrovskii
and Penkin (1960) are the most reliable. These
results were obtained with the “hook” method
and while this is not accurate for absolute meas-
urements it should give reliable results for the
ratios; Miles and Weise estimate that the overall
uncertainties are less than 50 %. There is in addi-
tion the recent theoretical work of Friedrich and
Trefftz (1969).

From the data of Penkin and Shabanova and
of Ostrovskii and Penkin the ratio of the osillator
strengths of the two most important transitions
for our consideration is f(3072):f(4726) =
109:87.6.

Using our value for the lifetime, and, using only
3072 A and 4726 A in the sum of the A4’s, we
obtain f(3072) = 0.12 + 0.05 and f(4726) =
0.09 4+ 0.04. No experimental measurement of
the oscillator strength of the transition 6s7p*P,—
5d%'D,, 10 542 A is available.

However, the calculations of Friedrich and
Trefftz indicate that the oscillator strength of this
transition is of the same order of magnitude as
that of 3072, even though the transition involves
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FiG. 5. A plot of the experimental counts, and the fitted Lorentzian, against magnetic field.

TABLE 1. Oscillator strengths of barium lines

Reference*

Upper level 6s6p*P, 6s7piP,
Lower level —6s5218, o —6s5d*D,
A (A)

4726
Relative oscillator
strengths 87.6 1,2
Absolute oscillator
strengths . 0.14 3
0.060 + 0.004 4
.05 0.09 +0.04 5

*1, Ostrovskii and Penkin (1960); 2, Penkin and Shabanova (1964); 3, Miles and Weise (1969); 4, Zu
Putlitz (1970); 5, This work.

two electrons. If we use this estimate of the fvalue, at almost 30 %- Our agreement with the results
the 10 542 A line contributes only 159 to the obtained using the value Jf(5535) = 1.59 and the
sum of the A4 values, because of its long wave- ratio f(5535):£(3072): f(4726) is reasonable, as is
length. our agreement with the results of Zu Putlitz
We have not included 10 542 A because the (1970), who obtained the branching ratio from
calculated f value is not reliable, and the error the results of Corliss and Bozman (1962).
inherent in the use of the ratio f(3072):1(4726) is The differences between our results and those
greater than 159, We have estimated the errors  of Zu Putlitz arise from the different branching
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ratios used. Neither the branching ratio obtained
from the relative f values of Penkin and Shaba-
nova and of Ostrovskii and Penkin nor those from
the extensive tables of oscillator strengths of
Corliss and Bozman are very reliable. The
uncertainties in the results of Corliss and Bozman
can be up to 1009 (see, for example, Crossley
1969, p. 241), and we prefer to follow Miles and
Weise and use the results of Penkin and co-
workers.

The results are summarized in Table 1.

A preliminary report of this work was pre-
sented at the Joint C.A.P.-A.P.A-S.M.F.
Meeting (Bull. Amer. Phys. Soc. 15, 795 (1970)).
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